Despite widespread adoption of percutaneous dilatational tracheostomy within the critical care setting, there is still uncertainty regarding long-term complications, particularly in relation to missed or subclinical tracheal stenosis. In this study, all patients underwent tracheostomy using a single tapered dilator ≥ three months prior to enrolment and were evaluated using magnetic resonance imaging, spirometry and questionnaire. Tracheal area was recorded and deemed to be stenotic if a reduction of ≥10% was found. Fifty patients underwent magnetic resonance imaging and 49 attended for interview. Five patients were diagnosed with tracheal stenosis-none were symptomatic. Six of the 50 tracheostomies were technically difficult. Spirometry was not predictive of stenosis. A post critical care exercise tolerance of less than 100 metres was found in four tracheal stenosis patients. The prevalence of subclinical tracheal stenosis following percutaneous tracheostomy is low, with limited clinical significance. No patients required corrective surgery for tracheal stenosis. Routine airway followup in asymptomatic patients appears to be unwarranted.
Despite widespread adoption of the single tapered dilator (STD) technique for percutaneous dilatational tracheostomy (PDT) in critical care, there is uncertainty about longer-term complications, such as tracheal stenosis (TS). Whilst the incidence of TS is evident from a number of long-term cohort studies [1] [2] [3] , the issue of missed or subclinical stenoses has not been fully addressed. Non-specific symptoms are common following critical care admission and PDT, with frequent reports of voice changes, swallowing difficulties, cough and shortness of breath 4, 5 . We hypothesised that in this cohort of patients, there were a number of patients with undetected TS.
Earlier studies have attempted to identify the prevalence of TS following PDT using computed tomography (CT) 4, 6 , magnetic resonance imaging (MRI) 7 , plain linear tomography 8 , spirometry with fibreoptic laryngoscopy 9 ; or fibreoptic laryngoscopy alone 10 . Norwood's study 4 using CT evaluation of tracheal anatomy after sequential dilatation PDT and correlation with symptoms found an incidence of TS of 31%, 20% of whom were symptomatic, but could not determine whether voice changes or respiratory problems were a result of critical illness or PDT itself. Spirometry has been variably described as straightforward but with unproven utility in detecting stenosis 11 and, as unhelpful in detection of TS in patients after critical illness, with poor correlation between spirometry findings and endoscopic features 9 . The forced expiratory volume in one second to peak expiratory flow rate ratio (FEV 1 :PEFR) was demonstrated by Empey to be useful in distinguishing upper airway obstruction from lower airway disease but has not been widely adopted 12 .
Despite the above attempts to delineate tracheal post-PDT changes, there are limited data pertaining to STD PDT. Although Fikkers et al used MRI to evaluate long-term outcome, only 14 STD patients were evaluated 7 . We believe the present study is the largest to exclusively radiographically evaluate tracheal changes following STD PDT in an attempt to better define the prevalence of subclinical TS.
MATERIALS AND METHODS
This prospective cohort study was carried out at Aintree University Hospital NHS Foundation Trust (AUH). The critical care unit at AUH is a 23bed, mixed medical and surgical unit undertaking approximately 80 to 100 PDTs per year. The regional referral centre for head and neck cancer, the largest such unit in the United Kingdom, is also situated at AUH.
A database of all patients receiving PDT, including associated outcome data, undertaken within the critical care unit at AUH has been kept since 2003. All PDTs are performed by critical care physicians at the bedside using the STD technique with bronchoscopic guidance. All patients were over the age of 18 and each received intravenous general anaesthesia with neuromuscular blockade during the procedure.
Following ethical approval (Liverpool [UK] Research Ethics Committee: Reference No. 08/ H1005/121), patients surviving for a minimum of three months from the insertion of PDT were identified from the database. Cross-referencing with the AUH clinical records system (System C Medway Sigma, Maidstone, UK) and information provided from contact with the patient's general practitioner, when required, confirmed whether patients were still alive. They were then contacted by telephone, informed of the nature of the study and invited to AUH to complete a simple questionnaire and undergo spirometry and MRI scanning ( Figure 1 ).
Following written informed consent, background data including age, sex, admission illness severity (Acute Physiology and Chronic Health Evaluation [APACHE] II), duration of orotracheal intubation prior to PDT, complications and technical difficulties during PDT 3 , duration of cannulation and length of critical care and hospital stay were collected. A PDT was considered complicated if there were one or more technical difficulties (multiple tracheal punctures [≥ three], tracheal ring fracture, minor bleeding [> three soaked gauze swabs]) or significant complications (pneumothorax, subcutaneous emphysema, major bleeding [need for surgical intervention or transfusion]). A Health Status Screening Questionnaire (Appendix 1) was devised and used to ascertain evidence of pre-existing respiratory disease, respiratory symptoms after critical care and current exercise tolerance. Simple spirometry was then undertaken using a micro-loop spirometer (CareFusion Health UK 232 Ltd, Basingstoke, United Kingdom) to obtain values for forced expiratory volume in 1 second (FEV 1 ), peak expiratory flow rate (PEFR) and forced vital capacity. The best of three readings obtained were used to calculate the FEV 1 :PEFR ratio. This constitutes the Empey Index (EI) (EI=FEV 1 :PEFR) and previous data have reported a ratio > ten to be clinically significant 12 .
MRI scanning was undertaken using a Siemens MAGNETOM 1.5 T Avanto scanner (Providian Medical Equipment LLC, Willowick, OH, USA). A T2-weighted coronal scan using 5 mm slices was carried out, along with a T1 flash sagittal 3D volume scan with 1 mm slices. Multiplanar reformats were constructed from the volume scan in the axial and coronal planes. All sequences included the trachea from the inferior border of the cricoid cartilage to the carina. All images were reviewed by a single consultant radiologist, unaware of the clinical details of the patient pertaining to the PDT. Coronal and sagittal measurements were reported at the narrowest section of the trachea at or above the level of the tracheostomy and compared to normal tracheal dimensions above or below the abnormality. Tracheal cross-sectional area (TCSA) at each level was calculated using the Picture Archiving and Communications System (PACS) (CARESTREAM Vue PACS, Carestream Health Inc., Rochester, NY, USA). A significant stenosis amounting to a reduction in the TCSA of 10% or more when compared to normal trachea above or below the abnormal segment was defined as TS for the purpose of this study in common with previous, similar studies 4, 8, 9 . All patients with identified TS on MRI were then referred to a consultant head and neck surgeon for further evaluation. In these cases, each patient was initially investigated with fibreoptic laryngotracheoscopy, continuing to rigid tracheobronchoscopy under general anaesthesia if this was considered necessary.
Statistical analysis
Data were analysed initially using Microsoft® Excel software (Redmond, WA, USA). GraphPad (GraphPad Software Inc., La Jolla, CA, USA) was used to carry out Fisher's exact test for categorical data and Mann-Whitney U tests for continuous data. A P-value of <0.05 was considered statistically significant.
RESULTS
At the time of the study, the database contained 745 patients who had undergone STD PDT more than three months previously. Four hundred and eighty-three of these patients survived to hospital discharge. A further 178 died within six months of hospital discharge, leaving 305 eligible for inclusion. One hundred and twenty patients were contacted by telephone. Seventy patients declined the invitation or were unable to attend for MRI scanning, including 11 who failed to present for pre-arranged appointments. The remaining 50 patients underwent MRI (Figure 1 ). Of these, 49 also attended for interview, during which a standardised questionnaire was completed (Appendix 1).
Of the 50 patients who underwent MRI scanning, five patients (10%, 95% CI 3% to 22%) were diagnosed with TS as per the study criteria. Patient characteristics of those with and without TS (TS: nTS) and non-attenders are presented in Table 1 . Median reduction in TCSA for those with TS was 30% with individual stenoses documented as 16%, 24%, 30%, 38% and 46% respectively ( Table 2 ). There were no differences between the groups with respect to age, sex, illness severity, number of days of orotracheal intubation prior to PDT insertion or time from PDT to MRI scan. The difference in median duration of cannulation of 15 days in the TS group and nine days in nonTS group was not statistically significant (P=0.17).
Overall, six of the 50 PDTs were complicated as defined above. Four of the five patients diagnosed with TS in comparison with two of 45 without, underwent complicated STD PDT (Table 1) . When complications were considered individually, patients with TS may be more likely to have had multiple attempts at tracheal puncture (2/5 versus 1/45) but there was no apparent difference between the groups in relation to tracheal ring fracture (1/5 versus 1/45) or minor bleeding (1/5 versus 0/45) rates.
Results from the questionnaire revealed no differences in the presence of voice changes (2/5 versus 16/45) and shortness of breath (4/5 versus 17/45) between those with TS and those without. Two patients reported the presence of inspiratory noise -neither were found to be stridulous or have TS on MRI scaning. Data pertaining to exercise tolerance was provided by 44 patients (5 TS and 39 nTS). Four of the five patients with TS reported an exercise tolerance of 100 m or less, two of whom reported unlimited exercise tolerance prior to critical care admission. In contrast, nine of the 39 nTS patients (23%) reported an exercise tolerance of 100 m or less.
Mean values for FEV 1 , PEFR and EI are shown in Table 1 . Neither FEV 1 , PEFR nor EI were predictive of TS.
The five patients found to have TS on MRI scanning were referred to a consultant head and neck surgeon for further evaluation and to assess the need for additional intervention. At initial fibreoptic laryngotracheoscopy three of the five were deemed to have an adequate airway and further intervention was deemed unnecessary. The remaining two underwent rigid tracheobronchoscopic examination under general anaesthesia and were again found to have an adequate airway. It was felt that further surgical intervention would not significantly improve the airway, in a clinically meaningful way, in any of the five patients with TS.
DISCUSSION
We have found a TS rate of 10% in fifty patients investigated, ranging from a 16% to 46% reduction in TCSA. All patients with TS had fibreoptic laryngotracheoscopic evaluation and two of the five had rigid tracheobronchoscopy. No patient required any therapeutic intervention and all were felt to have an adequate airway and were discharged from further follow-up. The low incidence and the subclinical nature of the stenoses is reassuring, indicating the underlying prevalence of undiagnosed TS in patients following STD PDT is of doubtful clinical significance.
There are limited studies in the literature reporting long-term follow-up of PDT patients using radiological imaging (CT/MRI), with very few studying tracheal calibre in patients who have had STD PDTs, even though this is now probably the most frequently used technique [13] [14] [15] . The 10% rate of TS described herein was less than that found in another MRI study 7 . Fikkers et al compared long-term outcome of patients randomly allocated to either guide-wire dilating forceps or STD PDTs. Sixty patients were assigned to each group, 31 patients underwent MRI scanning (14 patients in the STD group), with 12 (39%) showing tracheal narrowing. Whilst the absolute number of patients with tracheal narrowing demonstrated by Fikkers et al is larger than our own, the degree of stenosis is similar in that all cases were felt to be of limited clinical consequence.
Two further studies utilised CT assessment. Norwood et al 4 studied 100 patients who had undergone PDT using the sequential dilators of the original Ciaglia technique (CPDT) 16 . Forty-eight of these patients underwent CT scanning. Fifteen (31%) patients were found to have more than 10% TS on CT with ten (21%) of these being mild (tracheal narrowing of 11% to 25%), four (8%) moderate (26% to 50% narrowing) and one (2%) severe (>50% narrowing). In Karvandian et al's study, 20 patients were assessed using CT and fibreoptic laryngotracheoscopy after CPDT 6 . Only three of the 20 patients had cannulation times of less than three weeks (none of whom had TS) and 85% had significant subglottic stenosis (53% with <50% narrowing). The study group appeared different from our own, with a mean duration of cannulation of nine weeks. Additionally, 54 of 86 patients surviving four months after discharge from hospital required permanent or long-term mechanical ventilation. van Heurn et al described a TS prevalence of 26% in a study of 54 patients undergoing plain linear tomography following CPDT 8 . Law et al used spirometry and fibreoptic laryngotracheoscopy without any radiological assessment in 41 patients after CPDT 9 . Three patients were found to have tracheal narrowing of between 10% and 30% and one with a 40% stenosis. After a median cannulation time of 20 days, a 10% rate of TS was reported.
The 10% rate of TS we describe is at the lower end of incidences reported above (10% to 85%). Part of this difference may be accounted for by differing definitions of tracheal stenosis. However, the definition of TS as tracheal narrowing of >10% is common to most of the studies cited above, with only Fikkers et al 7 and Karvandian et al 6 not specifically stating their definition of TS. The difference might also partly be attributed to shorter tracheal cannulation times. In each of the studies described above, the duration of tracheal cannulation was longer than that described in our study (15 days in the TS group and nine days in the nonTS group). Cannulation times ranged from 18 days in Fikkers et al's guide-wire dilating forceps group 7 to nine weeks in Karvandian et al's paper 6 . Those studies reporting a lower prevalence of TS or only minor tracheal changes appear to have shorter cannulation times 7, 9 . A further consideration to take into account is the duration of tracheal intubation prior to the insertion of PDT. PDT was carried out early in our patients (median four days), whereas previous studies have reported durations from 7 to 18 days 4,7-9 . Another factor to be considered is the PDT insertion technique used. Most of the studies described above have used CPDT with only Fikkers et al 7 evaluating guide-wire dilating forceps and STD techniques radiologically, and then in only 15 and 14 patients respectively. It is possible, given the paucity of data available, that the incidence of post PDT TS may differ significantly between commonly used techniques. Considering the widespread use of these techniques, the lack of long-term radiological outcome data would appear somewhat surprising.
The TS patients appear more likely to have undergone a complicated or technically difficult PDT compared to the nonTS group (Table 1) . The most frequent difficulty encountered was the need for multiple tracheal punctures to the site required by the cannula for guided-wire insertion. Whilst the significance of this finding is unclear, the association between multiple tracheal punctures and later tracheal narrowing has not been made previously. It is possible that several attempts to position the cannula may ultimately lead the operator to settle for a suboptimal position for the tracheostomy tube, potentially causing tracheal injury and later narrowing.
As all cases of TS detected were clinically asymptomatic, with none requiring surgical correction, it is difficult to explain the significance and relevance of the reduced exercise tolerance found in these patients (four out of five reporting significantly limited exercise tolerance, two of whom had previously been unlimited). Conventionally, TS is expected to become evident clinically when the tracheal narrowing reaches 50% to 75%. However, many critical care survivors are likely to have significant impairment of cardiorespiratory and neuromuscular function. It is possible, in the setting of such limited physiological reserve, that post critical care patients may be symptomatic at lesser degrees of tracheal narrowing than would usually be the case. Under normal circumstances, for gas to flow through the trachea a pressure gradient exists to overcome the resistance of the respiratory system. Flow within the trachea is usually turbulent and in such conditions the resistance is inversely related to r 5, 17 . Therefore, the TS patient has to generate a greater pressure gradient to overcome this added resistance. Consequently, for the post critical care patient, the symptoms of the TS may be more in keeping with significant fatigue than those usually associated with upper airway obstruction.
The principal limitations of the current study are sample size, as discussed above, and patient selection in that the study population may have self-selected to some extent, being limited to those who were fit enough to travel to hospital to take part in the study. Rates or severity of TS might be greater in those patients unable to come to hospital. Conversely, those who were well enough to have returned to fulltime employment may not have been contactable by telephone at home during office hours so may have been missed. We were, however, unable to demonstrate any differences in patient characteristics between those attending for scans and those unable to do so (Table 1) . Additionally, we are unaware of the cause of death in those patients surviving their critical care stay but dying prior to an invitation to attend for scan. It is possible some of these patients may have had some degree of upper airway obstruction. Given that our institution houses the regional head and neck service, and such patients would have been referred back should they develop airway obstruction, this seems less likely.
Our initial intention was to assess 60 patients following STD PDT, specifically recruiting 20 after uncomplicated procedures, 20 after PDT complicated by tracheal ring fracture and a further 20 after more than 14 days cannulation. The incidences of ring fracture and of cannulation for more than 14 days were too low for the original aim to be achievable. Consequently, we recruited 50 eligible patients from the database. Whilst we were unable to study these factors as initially intended, analysis of the limited data obtained would appear to suggest that tracheal ring fracture is not obviously implicated in TS. Data pertaining to the length of tracheal cannulation may indicate a possible relationship between prolonged cannulation and TS (nTS nine days versus 15 days TS) but this was not statistically significant. Whilst we could not demonstrate a statistically significant association between duration of cannulation and TS, further studies with larger numbers may be able to do so. Such studies are likely to be confounded by differences in timing of PDT between institutions. The long follow-up required to detect post tracheostomy tracheal stenosis would be another limiting factor, as would cost-particularly if only 10% of cases prove positive for TS which then may be regarded to have limited clinical significance.
We have demonstrated a lower rate of subclinical stenosis in patients following STD PDT than has previously been reported. Whilst we considered that functional limitation in such patients following critical care discharge may be in part due to an underlying prevalence of TS, this would appear not to be the case. Those stenoses found were felt to be of doubtful significance with no patients requiring corrective surgery, and all ultimately discharged from further follow-up. Routine radiological imaging and spirometry following STD PDT would appear to be unwarranted in asymptomatic patients.
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